HasA is an extracellular heme binding protein and HasR, an outer membrane receptor protein from Serratia marcescens. They are the initial partners of a heme internalisation system allowing S . marcescens to scavenge heme at very low concentrations, due to the very high affinity of HasA for heme (K a =5,3x10 10 
M -1
). Heme is then transferred to HasR, which has a lower affinity for heme. The mechanism of the heme transfer between HasA and HasR is largely unknown. HasR has been overexpressed and purified in holo and apo forms. It binds one heme molecule with a K a of 5x10 6 M -1 and shows the characteristic absorbance spectrum of a low spin heme iron. Both holoHasA and apoHasA bind tightly to apoHasR in a 1:1 stoichiometry. In this study we show that heme transfer occurs in vitro in the purified HasA-HasR complex, demonstrating that heme transfer is energy and TonB complex independent and driven by a protein-protein interaction. We also show that heme binding to HasR involves two conserved histidine residues.
Heme is a key component of many biochemical reactions. These range from electron transfer in cytochromes to oxygen binding in hemoglobin. Due to the toxicity of free heme, it is almost always associated with proteins in living cells. Heme is also a major source of iron for pathogenic or commensal bacteria in mammals (1) . Bacteria have developed many strategies for acquiring iron from their surroundings. Gram-negative bacteria rely on specific outer membrane receptors. These are either specific for host heme/iron proteins (heme/hemopexin, hemoglobin, transferrin, lactoferrin) or for very potent iron chelators (siderophores), made in most cases, by the bacterium (2) . The bacteria may also use a secreted heme binding protein or hemophore, HasA (3) . This system is found in Serratia marcescens and several other Gram-negative bacteria. It allows a very efficient heme uptake due to the very high affinity of HasA for heme (K a =5.3x10 1 0 M -1 ) (4) and the equally strong apparent affinity in vivo of HasA for the HasR receptor (apparent K d of 5x10 -9 M) (5) . HasA protein contains 188 amino acid residues with a unique folding pattern consisting of a strongly twisted beta-sheet (seven strands) on one side of the protein and four alpha helices on the other (6) . The affinity of HasA for heme is due to two axial heme iron ligands (His32 and Tyr75) and a third residue (His83) stabilizing the Tyr75-Fe bond (4) . The binding of HasA to the HasR receptor depends on two beta strands making independent contact with the receptor (7) . The HasR receptor belongs to the TonB-class outer membrane dependent receptors. The threedimensional structures of these receptors are organized in a "plug and barrel" motif (2) . Homology modeling of HasR, based on structural and sequential alignments with 2 receptors of known structure, is consistent with HasR having the same organization (8) . Heme receptors have several conserved features; two conserved histidine residues and a so called FRAP box (9) . HasR has similar features, with two conserved histidine residues that are close to each other as shown by the model, one at the apex of the "plug" and the other one on an extra cellular loop (8) . Mutations of these conserved residues have been shown to be deleterious in the heme receptor HemR in Y e r s i n i a enterocolitica (9) . The HasR receptor can use different substrates, either free heme, up to a concentration of 10 -6 M, or the heme-HasA complex. The system is more efficient for the heme-HasA complex, allowing growth at a heme concentration one hundred times lower than for free heme (10) . For both substrates heme transport depends upon turnover of the inner membrane TonB-ExbBD protein complex, and the proton motive force across the cytoplasmic membrane. Higher concentrations of the TonB complex and greater proton motive force are required for heme uptake involving HasA than for uptake of free heme (11) . The precise cascade of events that include recognition of the hemophore by the receptor, internalization of heme, and release of the empty hemophore is not precisely known. Our in vivo studies have clearly shown that heme transport is dependent upon the TonB complex and the pmf and that hemophore recycling is also dependent upon the TonB complex and the pmf. However, it is not known whether the TonB complex is required for transfer of the heme from the heme-loaded hemophore to the apo-receptor. We have also shown that recycling of HasA requires heme and a higher TonB complex concentration and pmf than uptake of free heme. In vivo, the HasAHasR complex is irreversible in the absence of an energy source, the TonB complex, and of heme (5) .
In the current study, the first steps of heme acquisition, the binding of the receptor to its various partners (heme, apo-and holoHasA) and the transfer of heme from the hemophore to the receptor, have been investigated. We have shown that heme transfer from the holohemophore to the aporeceptor does not require the TonB complex and that proteinprotein interactions between HasA and HasR drive the heme transfer. Furthermore, we have shown that heme binding to HasR involves two conserved histidine residues.
Material and Methods
Strains, Plasmids and Growth ConditionsPlasmids pFR2, pFR2H1, pFR2H2, pFR2H1H2 were pBAD24 derivatives used for expressing WT and histidine mutant HasR receptors under arabinose control. HisHasA was produced as described from pQE32 (8) . HasA76t and HasA encoded by pAM derivatives were used to transform a strain carrying a compatible plasmid that encoded secretion functions allowing purification from the supernatant. HasA76t is a HasA derivative bearing a pentapeptide insertion after residue 76 (7). Popc4420 (a OmpF minus OmpC minus LamB minus derivative of MC4100) was provided by R. Benz and was used for receptor expression. PAP105 was used for HisHasA expression and MC4100 for HasA production. Popc4420 derivatives were grown at 30 °C in M9 minimal medium containing glycerol (0.4%), casaminoacids (0.2%) and 50µM FeSO 4 and 50µM sodium citrate in 16 litre fermentors. When the cells reached an optical density of 0.7 at 600 nm, arabinose (40 mg/l) was added and the cultures incubated for three hours to induce receptor expression. C600∆hemA and C600∆hemAexbBD ::Tn10 transformed with the various HasR constructs were used for growth tests with exogenous heme-loaded hemophore, heme, and hemoglobin, as previously described (7); for those experiments, HasA variants were used at a 80% heme charge at 40 and 4 µM and HasR expression was induced by arabinose (20 mg/l). Plasmid Construction -PFR2H1 and pFR2H2 were constructed using pFR2 as a template in a mutagenic PCR using the following complementary mutagenic oligonucleotides : Hasrhis1 : TTCAAAAGAGCGGCGCTGGCCAACGTAA TG Hasrhis1r : CATTACGTTGGCCAGCGCCGCTCTTTTGA A Hasrhis2mod : ACCAACGGCAGCGCGGCCAGTTCTTCCA CG Hasrhis2rmod : CGTGGAAGAACTGGCCGCGCTGCCGTTG GT The mutation was verified by sequencing and reintroduced into an otherwise WT pFR2 plasmid using EcoRI and BsrGI for H1, and BstZ17I and BsiWI for H2. For the construction of the double H1H2 mutant, the EcoRI-BsrGI 3 fragment from pFR2H1 was exchanged for the same fragment from pFR2H2 and yielded pFR2H1H2. Protein Expression and Purification; Biochemical Techniques -HisHasA was purified as previously described (7) with the following modifications. HisHasA from a soluble fraction of a 500ml culture was loaded on a Q-sepharose column (10 mL) and eluted with a 0 to 1 M NaCl gradient in 50 mM Tris-HCl at pH 7.5, allowing for separation of heme-loaded from heme-free protein. The heme-free proteincontaining fractions were then combined and loaded on Ni-NTA-Agarose and eluted with an imidazole gradient. This yielded pure apoHisHasA which was finally purified using size exclusion chromatography. ApoHis-HasA could be loaded with heme using the theoretical molar extinction coefficient for His-HasA of 21,350 M -1 cm -1 at 276 nm. ApoHasA WT was purified from cells grown in M9 minimal medium as previously described (12) . ApoHasA76t and the heme pocket mutants were purified from a culture supernatant of E. coli MC4100 harbouring the relevant plasmids (grown in LB at 30 °C) by anion exchange chromatography followed by size exclusion chromatography.
Wild-type and mutant HasR were partially purified from crude membrane preparations obtained after French press treatment: membranes from 50 g of wet cells were resuspended and solubilized in 200 mL of 50 mM TrisHCl at pH 7.5, 1% ZW3-14 (nTetradecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate, Calbiochem), 5 mM MgCl 2 and protease inhibitors (Roche cocktail, EDTA free). After one hour incubation at 4°C, the suspension was centrifuged (50000 g, one hour). The supernatant, which mostly contained inner membrane proteins, was discarded and the pellet resuspended in the same volume of 50 mM TrisHCl at pH 7.5, 2% ZW3-14, 20 mM EDTA and protease inhibitors. After one hour incubation at 4°C, the suspension was centrifuged (50000 g, one hour), and the supernatant was frozen at 77 K in liquid nitrogen. The pellet was resuspended in the same volume of 50mM TrisHCl at pH 7.5, 2.5% ZW3-14, 20mM EDTA and protease inhibitors. After one hour incubation at 4°C, the suspension was centrifuged (50000 g, one hour) and the supernatant was frozen at 77 K in liquid nitrogen. The combined supernatants from the second and third solubilisation were loaded at 2 ml/min on a 20 mL Q-Sepharose fast-flow column equilibrated with buffer A (50 mM TrisHCl at pH 7.5, 0.02% ZW3-14, 20mM EDTA) and extensively washed with the same buffer. The bound proteins were then eluted with 20 column volumes of a linear gradient of buffer A and buffer B (50 mM Tris-HCl at pH 7.5, 0.02% ZW3-14, 1 M NaCl) at a flow rate of 2 ml/min at 15 °C. The fractions (4 mL) were tested for the presence of the receptor and the most enriched fractions were combined and concentrated on an amicon centriflow filter (cutoff MW of 100 kDa). A second purification by chromatography under the same conditions (but without EDTA) was carried out and the concentrated fractions were purified on a size exclusion column (Superdex 200pg 320ml column 60x2,6 Amersham Biosciences or Superose 6 24 mL column 300/10 Amersham Biosciences ) in 25 mM Tris-HCl at pH 7.5, 0.02% ZW3-14, 150 mM NaCl. The routine yield was about 10 mg purified HasR from 10 g of cells. For purification of the holo receptor, hemin (10 -5 M) was added either to the culture one hour before harvesting or to the membrane preparation before detergent extraction. HoloHasR eluted at a higher salt concentration than for apoHasR for the anion exchange chromatography (not shown).
Complexes of apoHisHasA and apoHasR were purified: an excess of apoHisHasA resuspended in 25mM Tris-HCl at pH 7.5, 0.02% ZW3-14, 150 mM NaCl was mixed with partially purified apoHasR in the same buffer. After one hour incubation at 4 °C, the preparation was mixed with Ni-NTA-agarose in the same buffer and incubated for a further hour. Unbound material was washed with the same buffer containing 20 mM imidazole. Bound material was eluted with the same buffer containing 0.5 M imidazole. The resulting concentrated imidazole eluate was purified on a size exclusion column (Superose 6, 24ml, 0.5 mL fractions were collected). Control experiments showed that apoHasR did not bind to the Ni-NTA affinity resin under these same conditions (not shown).
Absorption spectra (UV-visible) were recorded on a Beckman DU-800 spectrophotometer with 1 cm optical path cuvettes.
Gel electrophoresis was carried out according to Laemmli (13) either at room temperature or at 4 °C for the gel used for heme peroxidase revelation by Enhanced Chemi 4 Luminescence (ECL) (14) ; in that last case the gel was transferred on a nitrocellulose membrane before development.
Amino acid analysis was performed after 6N HCl hydrolysis for 24 h at 110°C by the Laboratoire de Chimie Organique at the Institut Pasteur.
Resonance Raman Spectroscopy -Resonance Raman (rR) spectra were obtained from 10 to 55 µM HasA, HasR, and HasA-HasR samples which were contained in a 5-mm NMR tube spinning at ~20 Hz. Raman scattering was excited using either 413.1 nm emission from a Kr+ laser (10 mW). UV-visible absorbance spectra were recorded before and after the rR experiments to insure that the samples were not irreversibly altered in the laser beam. No spectral artifacts attributable to laser-induced sample damage were observed. Spectra were recorded at ambiant temperature using 135°b ackscattering geometry with the laser beam focused to a line. Scattered light was collected with an f1 lens and filtered with a holographic notch filter to attenuate Rayleigh scattered light. The polarization of the scattered light was then scrambled and the spot image was f-matched to a 0.63-m spectrograph fitted with a 2400 groove/mm grating and a LN2 cooled CCD camera. The spectrometer was calibrated using the Raman bands of toluene and DMF as external frequency standards.
Isothermal Titration Calorimetry (ITC) -
Titrations were performed at 25 °C using a MicroCal MCS titration calorimeter (MicroCal Inc., Northampton, MA) (15). Proteins and hemin were in 20 mM sodium phosphate at pH 7, 0.08% ZW 3-14. Samples were thoroughly degassed before use by stirring under vacuum. All injections were carried out at 3 min intervals. Due to heme adsorption, the calorimeter cell and the micro syringe used for injections were extensively washed after each experiment. The heat of dilution of the ligand was measured either by injecting the ligand into the buffer alone or by injecting more ligand into the cell after saturation. The value obtained was subtracted from the heat of reaction to give the effective heat of binding. Since apoHasR contains some contaminants, all of the ITC control titrations were carried out with membrane preparation not expressing HasR and purified in the same manner, at the equivalent concentration of contaminant than that present in apoHasR sample i.e. few 10 -6 M. No higher signal than that corresponding to the heat dilution of ligand was observed. For the titration experiments the concentrations of wild type and mutants receptors ranged between 2-10 mM and the ligand was set to 10-20 times this value. The resulting titration data were analyzed and fitted using the Origin for ITC software package supplied by Microcal to obtain the stoichiometry (n), the dissociation constants (Kd) and the enthalpy (∆H) changes of binding. For the fit any constraints on the stoichiometry and ∆H were not fixed. ITC titrations of HasR with hemin, showed 20% of variation of stoichiometry around 1. This was due to the imprecision in the determination of hemin concentration in presence of detergent and to the fact that hemin is known to be very dynamic in nature inside micelles (16) .
The formation of the complex during the ITC experiment was verified by SDS-PAGE and UV-visible spectroscopy. Analysis of the samples by optical absorbance after the ITC experiments was carried out after removal of excess ligand by filtration using a membrane having a molecular weight cut off of 100 kDa. The same protocol was applied for Raman spectroscopy, when needed. Ultrafiltration through a membrane having a molecular weight cut off of 100 kDa passes uncomplexed holoHasA and free heme, thereby allowing them to be separated from the complex.
RESULTS
The HasR receptor can be isolated in either the apo or the holo form. The S. marcescens hasR gene encoding HasR has been cloned into plasmid pBAD24 to yield pFR2. Membranes from the popc4420(pFR2) strain grown in minimal medium in the presence of arabinose contain a large amount of HasR receptor ( Figure  1A , lane 3) as compared to control membranes from popc4420(pBAD24) grown under the same conditions ( Figure 1A , lane 2). Large amounts of this receptor can be purified, in the presence of detergent, (Figure 1 , lane 7) using anion exchange followed by size exclusion chromatography. Purified HasR is essentially in its apo-form as evidenced by the absence of heme absorbance features in the UV-visible spectrum (see UV-visible spectrum Figure 1C , bottom.) The heme-bound receptor is produced by adding a solution of hemin to the culture medium or to the membrane preparation. The resulting heme-bound protein has a characteristic UV-visible spectrum that is very 5 different from that of free heme in detergent. For control membranes not expressing the receptor, no protein-bound heme was found (not shown). The behavior of the heme-bound form, holoHasR, on an anion exchange column is different from that of apoHasR; thus holoHasR is readily purified by ion exchange chromatography ( Figure 1A, lane 8, cf. lane 7) . HoloHasR retains its heme under conditions of SDS-gel electrophoresis. This has been demonstrated by SDS-gel electrophoresis of holoHasR at 4 °C, followed by ECL-detected heme peroxidase activity (14) (Figure 1B, lane  1) .
Purified holoHasR exhibits a characteristic UV-visible spectrum ( Figure 1C) , having a Soret band at 411 nm and Q bands at 533 and 560 nm. The general appearance of the spectrum is consistent across all preparations. The A 278 :A 411 ratio varies between 2 and 1.5 from preparation to preparation depending on the quantity of heme. Amino acid analysis of holoHasR closely matches the HasR amino acid composition (Table S1, ). Since our apoHasR preparation contains some contaminants, its absorbance in the preparation was estimated to account for 2/3 of the total absorbance at 278 nm. Its concentration in subsequent experiments was estimated using the calculated e 278 of 1.4x10 5 M -1 cm -1 and multiplying the result by 2/3. We have previously shown that both holoHasA and apoHasA bind to cells expressing the HasR receptor. These associations occur with similar affinities and are independent of the TonB complex (5). Herein we address whether analogous behavior occurs between HasA and the purified receptor. Since HasR is purified in the presence of detergent, all of these experiments were carried out in detergent solution to maintain solubility of HasR. Both apoHasA and holoHasA form a 1:1 stoichiometric complex with apoHasR. Stable complexes form upon mixing of both apo-and holoHasA with apoHasR. These complexes can be isolated chromatographically but, because of impurities in our apoHasR preparations, it was difficult to determine their precise stoichiometries. The impurities, which might account for 1/3 of the absorbance of the apoHasR preparation do not react with HasA (see ITC section). These impurities cannot therefore account for spurious determination of the stoichiometry as we carried it out. A (His) 6 tag HasA (HisHasA), having the same affinity for heme, spectral characteristics and competence to deliver heme to the receptor as wild-type HasA (8), was prepared. It was purified to homogeneity in both its holo and apo forms by affinity chromatography. In the presence of apoHasR, a stable HisHasA-HasR complex formed and was separated from HisHasA by a single gel filtration step ( Figure  2A and B). Amino acid analyses of HisHasA, and HasR complexes made with both apo-and holoHisHasA were performed. The compositions of both complexes were consistent with 1:1 stoichiometry (Table S1 , supplementary data). It is reasonable to suggest that a similar complex is formed with the non-tagged version of HasA. UV-visible absorbance spectra of holoHasR and the complex formed between holoHasA and apoHasR are identical. The absorbance spectrum of the purified complex obtained between holoHisHasA and apoHasR differs markedly from that of holoHasA and is virtually identical to that of holoHasR ( Figure 2C ). This shows that heme in the HisHasA-HasR complex has an environment similar to that in holoHasR.
To address whether these spectral properties are attributable to the (His) 6 tag on holoHasA, the spectral changes that occurred upon mixing holoHasA and a 1.5 molar excess of apoHasR were monitored. After several minutes, no further spectral changes were observed, suggesting that the reaction had reached equilibrium (Figure 3) . The spectral changes included: the Soret band shifted from 406 nm (holoHasA in detergent) to 411 nm (characteristic of holoHasR); the 620 nm band in the holoHasA spectrum disappeared; and the Q bands shifted (537 and 567 nm in holoHasA vs. 533 and 560 nm in the complex, being also characteristic of holoHasR) and increased in intensity. The spectra of both holoHasR and freshly prepared complex between holoHasA and apoHasR are almost indistinguishable after normalization of the Soret bands, showing that 6 heme has similar environments in the WT and His-tagged preparations and that the His tag did not contribute to the spectral shift in the purified complex (Figure 2) .
Upon HasA-HasR complex formation, the heme initially bound to HasA changes its environment to one similar to that in holoHasR, consistent with the heme having been transferred from holoHasA to apoHasR. Resonance Raman spectra of holoHasR and the complex formed between holoHasA and apoHasR are identical and differ from that of holoHasA. As a means of further testing our hypothesis that heme is transferred from HasA to HasR, we have used resonance Raman (rR) spectroscopy to compare and contrast the heme environments in holoHasR, holoHasA and the HasA-HasR complex. The vibrational signatures of the heme, which are provided by rR, constitute a sensitive probe of heme structure, conformation, and environment in proteins.
rR spectra were recorded for holoHasA, holoHasR and the complex formed between holoHasA and apoHasR ( Figure 4 ). Oxidation state, spin state and ligation state marker bands for heme proteins are observed in the highfrequency region of their rR spectra. Two u 3 bands (1476 and 1503 cm -1 ) are observed for holoHasA, consistent with the protein existing in both 6-coordinate, high-spin and 6-coordinate, low-spin forms as reported previously (18) . Upon addition of excess apoHasR, the u 3 band attributed to 6-coordinate, low-spin heme shifts from 1503 to 1501 cm -1 , where it appears in the spectrum of holoHasR. The rR spectrum of this complex is characteristic of ferric 6-coordinate, bis-histidine complexes. Accordingly, the oxidation state/porphyrin * marker band, u 4 , for holoHasA, holoHasR, and the HasA-HasR complex is observed at 1372 cm -1 , typical of ferric hemes. A small band at about 1476 cm -1 persists after the transfer reaction has reached equilibrium. The spectrum in Figure 4 is that of a 1:2 mixture of holoHasA and apoHasR. The spectrum of a 1:3 mixture exhibits the same small band. This band persists even after the complex is washed with excess of buffer via ultra filtration. Hence, the u 3 band at 1476-cm _1 is intrinsic to the complex and corresponds to neither uncomplexed holoHasA nor free heme.
The bending modes observed for the peripheral heme propionate ∂(C ß C c C d ) and vinyl ∂(C ß C a C b ) groups in holoHasR have been tentatively assigned to the bands at 376 and 417 cm -1 by comparison with rR assignments for bisimidazole heme model complexes and proteins (19, 20) . Moreover, the low frequency rR spectra of holoHasR and the HasA-HasR complex are indistinguishable. Thus the propionate and vinyl substituents of the hemes in authentic holoHasR and in the HasA-HasR complex are in comparable environments. Given that (a) the heme in holoHasA exists as an equilibrium mixture of high-and low-spin states, and (b) the heme in authentic holoHasR is completely low spin, there are two possible explanations for the features in the rR spectrum of the HasA-HasR complex. One is that the heme remains associated with HasA when it complexes with apoHasR, and it is the protein-protein interaction that drives the spin state change to convert all the heme to a low spin form. The second explanation is that the heme is transferred from holoHasA to HasR upon protein-protein complexation. The latter is supported by the identity between the rR signatures of holoHasR and the HasA-HasR complex. The aforementioned similarities in both axial ligand field and peripheral heme e n v i r o n m e n t c o n s t i t u t e c o m p e l l i n g circumstantial evidence that heme is transferred from its binding site in HasA to a binding site in HasR upon complex formation.
Isothermal Titration Calorimetry (ITC) Studies of the interaction of HasR with its different ligands :
heme/apoHasA/holoHasA. We have used isothermal titration calorimetry to understand the molecular events involved in this transfer and to characterize the interaction between the three partners, HasA, HasR and heme.
HasR/heme: the ITC titration of apoHasR with hemin displays a very weak enthalpic signal. The data fit to a single-site (or set of equivalent sites) model with a stoichiometry close to 1, an affinity constant of 5(±3)x10 6 M -1 and a ∆H of -18±3 kJxmol _1 (Table 1) . Since the apoHasR preparations were not pure, a control experiment on similar preparation from a strain that does not express HasR was carried out. No signal, apart from that attributable to dilution, was detected. apoHasA/heme: this has already been studied in detail (4 , too large to be deduced precisely from ITC titration ( Figure 5A ). Whatever the exact value, it shows the very high affinity of the receptor for the hemophore which is at least 10 fold higher than the apparent Ka estimated in vivo. Again there was no signal with the control preparation, showing the specificity of the signal.
holoHasA/apoHasR: The ITC titration of apoHasR by holoHasA gave an enthalpic signal lower than that observed for apoHasAapoHasR ( Figure 5B) .
Role of the two conserved HasR histidine in heme uptake and heme transfer from HasA to
HasR. To gain further insight into the heme transfer reaction between holoHasA and apoHasR, both HasR and HasA mutants were constructed and studied in vivo and in vitro. Like many heme receptors, HasR contains two conserved histidine residues, one in the plug H189 (hereinafter referred to as H1), the other one in the beta barrel H603 (hereinafter referred to as H2). Mutation of these residues in HemR, the heme receptor from Yersinia enterocolitica or HmuR from Porphyromonas gingivalis led to an inactive receptor (9, 21) . Homology modeling of HasR, using the already crystallized receptors structures as templates, indicated that those two residues might be in close proximity at the apex of the receptor, H1 at the top of the plug, H2 in an extra cellular loop and facing the plug (8) . Both of them were mutagenized into alanine and the two single mutants and the double mutant were constructed. All three proteins were expressed to comparable levels without evidence for degradation. They were correctly localized to the outer membrane and shown by dot-blot to interact with HasA (data not shown). All three proteins could be purified using the same protocol as for wild-type apoHasR, and the same molar extinction coefficient values were used to estimate their concentrations.
In vivo experiments indicated that both single mutants were still able to take up free heme but with a lower efficiency than the wildtype receptor whereas the double mutant was no longer able to take up free heme (Table 2 ). This heme uptake was TonB complex dependent (not shown). This indicates that one of the two histidines is sufficient to bind and internalize heme, but higher heme concentration than that necessary for WT-receptor was required for growth. This suggests that the affinity of these receptors for heme is affected by the mutation. The ITC titration of these simple mutants with hemin in our experimental conditions did not show higher enthalpic signal than that of dilution. This is compatible with the loss of one iron coordination and the very weak enthalpic signal observed for the wild type receptor with 8 heme. It is expected that the double mutant has no significant affinity for heme.
Although holoHasA could not be used as a heme source by any of the mutants (Table  2) , ITC experiments indicated that all mutants were able to form 1:1 complexes with holoHasA and apoHasA, as does wild-type HasR. The absorbance spectra of the complexes formed were all similar to HasA spectra (data not shown). ITC showed that the interaction of the double mutant receptor with HasA, is different from that of apoHasA-apoHasR: DH of binding of apoHasA-HasRH1H2 is lower (-136 kJ.mol -1 vs. -210 kJ.mol -1 for apoHasA-apoHasR) and the affinity constant is 3x10 7 M -1
, whereas that of the interaction of apoHasA with the wild type receptor is >10 9 M -1 ( Table 1 , Figure 5C ). This significant difference in binding, which could be attributable to structural modifications of this mutant or at least of the parts of the receptor involved in the binding with HasA, precluded further analysis of the heme transfer from thermodynamic parameters.
HasRH1 and HasRH2 mutants are still active heme transporters but cannot acquire heme from wild-type HasA. If the heme transfer step from HasA to HasR depends upon the respective affinities of HasA and HasR for heme, one might then expect that HasA mutants having lower heme affinities (mutated in the three residues involved in the heme axial ligation H32, Y75, and H83) could still serve as heme sources for the HasR mutants studied here, since none of them are per se required for heme transport. Hence, the abilities of these HasA heme pocket mutants to serve as heme sources for the WT and mutant receptors were explored. The results of these experiments are shown in Table 2 . Under our conditions, the wild-type receptor can use HasA wild type and the mutants tested whose affinity for heme ranges from 5,3x10 10 ). Our results indicate that the mutation of one of the two histidines does not abolish the capacity of HasR to acquire heme either free or bound to HasA, but only decreases it. Moreover the two histidines are not equivalent since the mutation of H2 (barrel histidine) results in a milder defect in heme acquisition as compared to that of H1 (plug histidine). Hence, it is concluded that the two histidines are responsible for heme fixation of the receptor and are not equivalent in the functioning of the receptor.
DISCUSSION
Heme transfer between hemophore and its receptor is a peculiar case of prosthetic group transfer for scarce, yet necessary compounds that are internalized by a cell, in this case to fulfill its iron needs. As a consequence of scarcity, the first binding step has to be of high affinity, as it is the case for siderophores (22, 23) . The release step has been solved in different ways. In higher eukaryotes, in the case of transferrin, its extremely high affinity for iron is regulated by the surrounding pH, and upon transferrin receptor/transferrin internalization and acidification in lysosomes, iron is released from transferrin. Apotransferrin and receptor are then recycled at the cell surface (1). Bacteria using transferrin or hemoproteins (i.e. very high affinity binding sites for their prosthetic groups) as an iron source have to solve this problem at the extra cellular surface, and this question has not yet been addressed in molecular terms (24, 25) . In the case of outer membrane receptors for siderophores, the binding site is of high affinity and exposed to the extra cellular medium, whereas the next partner, the binding protein resides in the periplasm and has a lower affinity for its substrate than the receptor. In the Fep system for example the periplasmic binding protein has a 300 times lower affinity for enterobactin than the outer membrane receptor (26) . Both the thermodynamically unfavorable drop in affinity and the topologically different locations are compensated for by the role of the proton motive force, and the TonB complex functions to allow access to the periplasmic space for the substrate and either directly or indirectly allows a drop in affinity such that transfer to the binding protein is favored. It has been proposed that upon action of the TonB complex, the plug is physically ejected from the barrel and pulls the substrate into the periplasmic space (27) . This hypothesis, although very attractive, has no yet received strong experimental support.
HasR is one such outer membrane receptor involved in heme transport across the 9 outer membrane. This heme transport process is an active one since it involves the TonB complex and the proton-motive force across the inner membrane (11) . Although HasR transports only heme, it is able to recognize three substrates from the extra cellular side, either free heme or apo or holohemophore. In the case of heme uptake from the hemophore, the TonB complex is required both at the heme transport step across the outer membrane through the receptor and at the dissociation of the empty hemophore from the receptor. The latter step is the most energy consuming (11) .
In this study we showed that HasR binds one molecule of heme with an affinity of 5x10 . In holoHasR, the Raman and UV-visible spectral signatures are consistent with bishistidine axial ligation of a low-spin heme iron. Individual mutation of the two conserved histidines in HasR decreases its capacity for heme acquisition, thereby establishing His189 in the plug and His603 in the barrel as heme ligands in HasR. The affinity of HasR for heme is much lower than the affinity of siderophores for their cognate receptors and is consistent with our in vivo observations of growth stimulation by heme of a heme auxotroph strain expressing the HasR receptor. However, the affinity for heme of HasR is on the same order as that of other heme receptors. The present study shows that HasR forms stable 1:1 complexes with both the apo and holo forms of HasA with affinities
. This makes the heme acquisition by HasR via HasA very efficient and advantageous compared to the heme receptors of other bacteria.
The most striking result of our study is that heme transfers from purified holoHasA to apoHasR in vitro in the absence of any source of energy external to the HasA-HasR complex. This transfer of heme is supported by several independent lines of evidence. Changes in the UV-visible and rR spectra are consistent with formation of a new bis-His ligated heme having a peripheral heme environment distinct from that in holoHasA. The thermodynamic parameters of interaction between holoHasA and apoHasR, as compared to those of the self association of the individual components and their association with heme, are consistent with this conclusion. These lines of evidence suggest that the protein-protein interaction between HasA and HasR drives heme transfer, despite the unfavorable difference of affinity for heme. Analysis of HasA-HasR complexes obtained with mutants of both HasA and HasR also corroborated this conclusion.
Such phenomena may also occur in other receptors that recognize heme or ironcontaining proteins, and a reasonable hypothesis is that substrate transfer will be spontaneous due to protein-protein interaction and independent of TonB. In this respect, it should be mentioned that apo and holo human transferrin recognize the neisserial transferrin receptor TbpA in vitro and that the ∆H is much lower for holoTf than for apoTf (28) . The lower ∆H seen for holoTfTbpA may be the result of a protein-protein interaction and of the extraction of iron from transferrin and of its binding to the receptor. However, iron transfer from transferrin (K a = 10 18 M -1
) to the receptor has not been studied either in vivo or in vitro (29). It has been proposed that bilobate structures might provide adequate environment for such binding and release of cofactors, in particular in the case of transferrin or hemopexin (30) . In the HasA case, the contribution of the polar interactions in the binding process between HasA and HasR seems to be equivalent and heme independent. In any case, the HasA structure might also be welladapted for binding and release of the cofactor. In HasA, heme is coordinated by the N e of His32 on one side and by the O h of Tyr75 on the other side. These two residues and a third, His83, which play important roles in the binding of heme, are located on two loops separated by three beta strands, one of which contains a binding site for HasR (7) . Furthermore, the structural organization of HasA places one of the beta strands involved in interaction with HasA less than 10 Å from each of the heme ligands. These spatial relationships between the heme and HasR binding sites of HasA may facilitate the propagation of local conformational changes driven by the HasA-HasR interaction to the heme ligands of HasA and promote the heme delivery from HasA to HasR. In this respect it is worth mentioning that a HasA mutant isolated during the course of a systematic pentapeptide insertion mutagenesis (7) bore an insertion at position 76 close to Tyr75, one of the heme ligands. This mutant (HasA76t) is able to bind heme with high affinity (K a = 7x10 8 M -1
), is able to bind to the receptor, as shown by dot-blot analysis on intact cells expressing the receptor (31), but is unable to serve as a heme source for the wild-type receptor. In vitro with purified apoHasR, HasA76t makes complexes comparable to the wild-type HasA, but without the characteristic spectral changes, suggesting that heme is not transferred to HasR. The insertion of this pentapeptide in mutant HasA76t at position n+1 in the loop containing Tyr75 heme ligand seems to inhibit whatever conformational reorganization is normally induced by HasR and required for heme transfer. Nevertheless, the binding of HasA to HasR seems to be irreversible in vitro consistent with the fact that ejection of apoHasA requires energy provided by the TonB complex. This suggests that some structural changes of HasR and/or HasA should occur to allow the dissociation. Moreover, attempts to dissociate the complex in vitro at high ionic strength, chemically or thermally have so far been unsuccessful.
The sites of interaction between HasA and HasR have been defined on HasA (7), and one expects that definition of those sites on HasR will help understanding the heme transfer process as well as the ejection of hemophore under the action of the TonB complex. A s i m i l a r m o v e m e n t o f cofactor/substrate upon protein-protein interaction has been reported for ADP/phosphate release upon interaction of myosin and actin, where the closing of the actin binding cleft is coupled to the opening of the nucleotide binding pocket (32) . Although it is reasonable to suspect that heme transfer reactions similar to that reported here would be common, heme transfer that is apparently driven by protein-protein interaction has only been described for the heme transport systems of Pseudomonas aeruginosa (33) and Streptococcus pyogenes (34) . Among the systems studied to date, HasA/HasR is unique in that its thermodynamic parameters are well quantified. This system is, therefore, well suited for elucidating further details of the thermodynamic and structural bases of the mechanism by which heme is transferred between these proteins. Fig. 1 . Purification of apo and holoHasR Part A: analysis by gel electrophoresis (14% acrylamide) of whole membranes, solubilization steps and purified apo and holoHasR. Lane 1: MW markers (92, 66, 45, 31, 21 and 14 kDa), lane 2 : whole membranes from popc4420(pBAD24), lane 3: whole membranes from popc4420(pFR2), lanes 4, 5 and 6 : first, second and third solubilization steps; lane 7: partially purified apoHasR, lane 8: purified holoHasR. Part B: Heme peroxidase activity of purified holoHasR. Lane 1: ECL detection, lane 2: stained gel of the corresponding sample. Part C: normalized absorption spectra from samples of purified apo and holoHasR from 250 to 700 nm; the 475-700 nm region is represented with an expanded scale. Black triangles: holoHasR; grey squares: apoHasR. The spectra were normalized at 278 nm. The Soret band is at 411 nm and the Q bands at 532 and 560 nm, respectively. Gel filtration purification of the apoHisHasA-apoHasR complex after affinity purification. The resulting fraction (lane 7, part A) was run on a superose 6 column, allowing separation of the complex from free HisHasA. Fractions 23-37 were analysed by gel electrophoresis. Numbers with arrows above the gel indicate the position of molecular weight markers in kDa. C: Absorption spectra of purified holoHisHasA (black squares), purified holoHasR (grey circles) and purified complex holoHisHasA-apoHasR (light grey triangles). The spectra were recorded in 25mM Tris-HCl, pH 7,5, 150mM NaCl, 0,02% ZW3-14 and normalized on the Soret band. The 475-800 nm part was expanded. Fig. 3 . Variation of absorbance upon mixing of holoHasA (3x10 -6 M) with a molar excess of apoHasR. Pure holoHasA (black); 10 minutes after mixing with apoHasR (grey); the inset shows the variation of the absorption spectrum as a function of time upon mixing in the 460-700 nm region. 
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